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ABSTRACT: Molecular dynamics (MD) simulations of more than 40 model systems of dry and hydrated
poly(pyromellitimide-1,4-diphenyl ether) (PMDA-ODA) polyimide, also known as Kapton, were undertaken in
order to study the specific interactions between water and a glassy polymer matrix. Dry amorphous Kapton models
were generated using a hybrid pivot Monte Carlo-MD single-chain sampling technique and were found to reproduce
many features found experimentally. Water was subsequently introduced into the polyimide systems with weight
percentages ranging from 1.4 to 10 wt % at 373 K. At the lower concentrations, water is found to occupy the
pre-existing void space in the polymer matrix. On the other hand, there are significant changes in the volumetric,
energetic, and conformational properties of the chains for water contents above ~3%. The static and dynamic
properties of the hydrogen bonds have been analyzed. In all cases under study, water is preferentially hydrogen-
bonded to two sites, thus forming bridges. These water bridges, whose occurrence depends on the weight percentage
of the penetrant, can link either two polymer sites, one polymer site and another water, or two other waters.
Water clusters have been analyzed and found to be in agreement with findings from NMR, dielectric, and infrared
attenuated total reflection (ATR) measurements. Their geometries are more chainlike and at high water contents
approach a cocontinuous network. Such a characterization at the molecular level calls into question the commonly
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used interpretation of solubility curves based on the Zimm—Lundberg theory.

1. Introduction

Water absorption by polymers is largely studied because of
the influence of water on the structural,’? electrical,>> and
mechanical®® properties of the polymers. Several theories have
been proposed in the literature in order to characterize this
phenomenon. For example, it has been suggested that absorption
is mainly related to the void volume of the polymer.'® On the
other hand, water absorption has been directly correlated to
the molecular formula of the polymer through a molar additive
function of terms due to the constitutive groups of the
monomer.'" It is also possible to apply the classical thermody-
namic approach of polymer—solvent miscibility.'"'> Neverthe-
less, no real explanations of the underlying mechanisms have
been provided by the aforementioned theories.'> Another
approach is to study sorption isotherms, that is, plots of water
volume fraction as a function of water activity,">~'> despite the
fact that experimental characterizations do not always agree on
the shape of the isotherms. This is the case, for example, for
poly(pyromellitimide-1,4-diphenyl ether), also known as PMDA-
ODA or Kapton (Figure 1).'® At low activities, it is unclear
whether there is a dual-mode sorption'’?! or a quasi-linear
moisture uptake versus relative humidity.>® At high activities,
some authors report a linear dependence®**?->*?® whereas others
observe an upward curvature.'’'*2!*> The latter has been
interpreted by Yang and co-workers'”'® in terms of water cluster
formation by using equations derived from the Zimm—Lundberg
theory.27 However, dielectric measurements, NMR, and infrared
attenuated total reflection (ATR) studies suggest the existence
of water clusters at lower activities.?>*®*! In addition, Yang et
al. studied hygrothermally aged Kapton and found that it did
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Figure 1. Kapton (PMDA-ODA) monomer with partial charges. Arrows
point to charges carried by hydrogen atoms.

not display the upwardly curving shape at high activities, which
was interpreted by the authors as “the absence of clustering in
the aged film” and was attributed to chemical modifications
giving rise to more hydrophilic films.'® This is difficult to
understand as, at high activities, there is a lot of water to
accommodate in the dense polyimide. In polyimides other than
PMDA-ODA, water uptake is usually reported as being fairly
close to a linear function of the relative humidity, but it is not
always obvious either due to experimental uncertainities.*>
Within this context, it is interesting to attempt to complement
experimental studies by using molecular dynamics (MD)
simulations. Many MD studies of hydrated polar bulk polymers
have now been reported in the literature. They include PA**°
or amide-based structures,**>° PMMA,** BPA-PC,*!' PVA,*—¥
and EVOH copolymers,*® PEO®'~° and PEO-based polymer
electrolytes,’”>® PBO,* perfluorinated ionomers,**¢! poly(phe-
nyl sulfones)®®* and sulfonated polyimides,*® reverse mi-
celles,®*°° PE and PP,°7%8 epoxy resins,®” ! novolac resins,’?
polyacrylates,”* biodegradable polyesters,’* or biopolymers.”>"’
They show that water interacts both with the polymer and with
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other water molecules through hydrogen bonds and that it
eventually moves within the matrix. However, the situation is
often somewhat complicated. Goudeau et al.***> propose that
steric hindrance prevents water from accessing half of the
hydrophilic amide groups in polyamide 6,6. In addition, they
find water molecules bound to two hydrophilic sites as well as
water clusters of a significant size (> 10 molecules), even at
low activities.***> Some authors have also attempted to use
molecular modeling techniques in order to study water solubility
and, if possible, determine the water content at saturation in a
polymer.*#!6%78-80 Their methods are based on a combination
of the usual Widom test-particle insertion®' with a thermody-
namic integration,>**""”® a grid-search calculation,*®*? or an
excluded volume map sampling.”®%

Although a few MD simulations of short PMDA-ODA
oligomers have been reported in the literature,**~*¢ we are only
aware of one study on long-chain amorphous Kapton.®”-%
However, the method used to create the chains is known to give
a bias in the configurations due to the ever-increasing density
that a growing chain end experiences.®® Despite a complicated
series of heating—cooling and compression—decompression
cycles,” the density of this model attained only 95% of the
experimental value.®® This was attributed by the authors to errors
in the parametrization,®® but it may well be due in part to the
poor choice of generation procedure.”’ We have previously
studied the effect of 3.3 weight (wt) % water on short oligomers
of PMDA-ODA and shown the coexistence of preferential sites
for water on the chain backbones and water clusters.®® These
oligoimides were in the glassy state and were considered as a
first approximation for their long-chain counterparts. However,
the lack of experimental data on such short chains made it
difficult to validate our models.

Here, we extend this study to the more realistic long-chain
Kapton, both in the pure and in the hydrated states. The
interaction potential is presented in Section 2. The pivot Monte
Carlo-molecular dynamics (PMC-MD) technique®'~'** is vali-
dated for Kapton and used to generate realistic pure bulk models
in Section 3. In Section 4, different weight percentages of water
(from 1.4 to 10 wt %) are inserted into the polymer matrices.
Changes in the volumetric and energetic properties, specific
interactions between polymer and water, and the existence of
water clusters are discussed as a function of the water content.

2. Interaction Potential

The force field for polyimides is basically the same as that
described elsewhere®>*!1%19 and will only be briefly outlined.
The very high-frequency bond stretching modes are removed
using rigid constraints,'® which allows for the use of an
integration time step of Ar = 10713 s and avoids problems with
the equipartition of kinetic energy. The so-called “bonded”
potentials include terms for restraining angle-bending and
torsional rotations around the dihedral angles, as well as out-
of-plane potentials to keep sp? structures planar. The “non-
bonded” potentials are applied to all atom pairs belonging to
different molecules and those on the same chain that are
separated by more than two bonds. The van der Waals
interactions between atoms of types i and j are of the
Lennard—Jones (LJ) 12-6 form. The electrostatic potential is
calculated using the Ewald summation method.'®>'%% All
polyimide—polyimide parameters were taken from the TRIPOS
5.2 force field,'”” while their partial charges (Figure 1) were
obtained by performing ab initio calculations using the Gaussian
computer program'® at the B3LYP/6-31G** level.' Water
potential parameters, including charges, were taken from the
extended single point-charge model, SPC/E,'® which is known
to provide a good representation of bulk water.''*”"'? In the
same vein as most of the other simulations of hydrated polymers

Macromolecules, Vol. 41, No. 9, 2008

with the SPC/E model for water,>*36:39:42:43.64.65.6985 1 (renty
Berthelot combination rules''® were used for van der Waals
interactions. The MD simulations were performed using the gmq
program''* either in its scalar or in its parallel form on the Linux
servers of the LMOPS and the University of Savoie as well as
on the EDF “Rendvous” cluster in France.

3. Dry Kapton

3.1. Hybrid Pivot Monte Carlo-Molecular Dynamics
(PMC-MD) Single-Chain Sampling. The hybrid PMC-MD
method®'~'%* was used to generate the starting configurations
for PMDA-ODA, since it has already been validated for a variety
of chains such as alkanes and PE,”>* PVC,” six different
polyimides,gl‘98’100’103 PEEK.”® PBMA,'"® and cellulose.''® In
this approach, the configurational phase-space of the polymer
is sampled using pivot Monte Carlo (PMC) moves''”''® for
rotatable torsions, while standard MD algorithms are used to
explore the various oscillatory modes of the chains. The method
is based on Flory’s “local energy approximation”;''® that is,
the hypothesis that polymer configurations in the pure melt are
very similar to those obtained by sampling an isolated molecule,
where only a certain number of specific near-neighbor intramo-
lecular interactions are considered between atoms separated by
no more than a fixed number of backbone bonds (7pongs). Our
experience using realistic potentials, and without any assump-
tions of ideality, is that this approach works very well for a
large number of polymers,”'~'%%!1>-!1¢ among which are several
polyimides with 7pongs = 4.71°%1°%193 However, the value of
Nponds Needs to be properly checked each time a new chemical
structure is considered. The procedure to find and validate nponds
is to compare the configurational and conformational properties
of chains sampled by the PMC-MD method (“single-chain”)
with those of a fully interacting dense system of the same chains
decorrelated by MD only (“bulk melt”). If the generation
procedure is appropriate, the structural characteristics of both
types of chains should be very similar. However, in order to
decorrelate the bulk melt chains under a time scale accessible
to MD simulations, this test generally needs to be carried out
both at high temperature and on short oligomers. Since it has
been shown that the test results are independent of chain
size, 029815116 (L assumption is that it should also be
applicable to longer chains which cannot be relaxed with MD
alone.

“Single-chain” PMDA-ODA test systems contained one 158-
atom chain (4-mers) simulated for 20 000 ps at 1000 K, with
the PMC-MD method and a preset value of npongs. The
corresponding cubic “bulk melt” box contained 27 such oligo-
mers run by MD for 15 000 ps under NpT conditions at 1000
K in which the isotropic pressure, p, is maintained at 1 bar by
loose-coupling with a coupling constant of 5 ps,'*® and the
temperature, 7, is held constant by weak-coupling to a heat bath
with a coupling constant of 0.1 ps.'?! Optimal convergence of
the Ewald sum'?>'?® was obtained using a = 0.3 and Kpax =
12, while the real-space potential was truncated at R, = 8.5 A.
The van der Waals potentials were also truncated at Rygw =
8.5 A, and long-range corrections to the energy and the pressure
were applied.''® In order to ensure that the chains were truly
decorrelated from their initial configurations, the normalized
autocorrelation functions for the end-to-end vector R; of the
individual chains as a function of time were calculated:

R,(0) R,(n [ R,(
R’ [R,(

G = (e))

The Cr(f) for both single-chain and bulk melt chains are
displayed in Figure 2. They show that decorrelation is indeed
attained in both cases over the time scale considered despite
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Figure 2. Normalized autocorrelation function for the end-to-end
vectors, Cr(f), of 158-atom PMDA-ODA chains, sampled both with
single-chain PMC-MD (lines) and with full potential bulk melt MD
(circles) at 1000 K.
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Figure 3. Single-chain-sampled (lines) versus bulk melt (circles)
probability densities for the C—C—O—C 7 pivot torsion angle in 158-
atom PMDA-ODA chains using npengs = 4 at 1000 K.

the much longer decorrelation time in the MD simulation. The
autocorrelation functions for significant dihedral angles and
square end-to-end distances support this conclusion.

Figure 3 reports the distributions of the ODA C—C—0O—C
pivot torsion angle 7 (see Figure 1) for both single-chain and
bulk melt relaxed chains. They become superimposable for a
value of npongs = 4. A similar level of agreement was found in
the distributions of the mean-square end-to-end distances [R>[]
mean-square radii of gyration [3°[]and the other pivot torsional
angle, that is, the C—N—C—C link between the PMDA and
ODA moieties (Figure 1). This clearly shows that the hybrid
PMC-MD method with npengs = 4 is appropriate to generate
starting Kapton configurations for the subsequent MD runs.
PMC-MD calculations with different numbers of monomers
(Mmonomers) sShow that [R?[Myonomers becomes number-independent
from 7monomers ~ 30. A length of 50 PMDA-ODA monomers,
amounting to 1952 atoms per chain, was thus chosen for the
remaining studies.

3.2. Generation of Dense Kapton Models. Once generated
by PMC-MD single-chain sampling in the melt (750 K),
that is, above its glass transition temperature (~650-690
K),zo‘%‘l%’125 uncorrelated PMDA-ODA chains are randomly
reorientated and distributed in a periodic cubic MD box at an
initial density close to the experimental value of ~1400 kg
m™3 2025311267129 A ¢ degeribed before,?!28-100:103 5 “phantom”
atom is briefly placed at the center of mass of each 5-atom and
6-atom ring in order to avoid unphysical spearings and inter-
lockings'*® during the introduction of excluded volume. The
“bonded potentials” are then switched on. To remove the huge
overlap energies of the initial structures, the excluded-volume
potential is introduced very progressively during short MD
simulations under constant-volume and temperature conditions
(NVT). Phantom atoms are then removed, and electrostatic
interactions are switched on. For long chain Kapton, the optimal
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Figure 4. Average relative differences Ad/d = (dpmc-vp — dup)/dpmic-
mp with their associated standard errors in the intramolecular distances
between ODA ether oxygens separated by 7monomers: the chain configura-
tions obtained at the end of the PMC-MD procedure are compared to
the corresponding ones at the end of the full-potential equilibration for
five 11712-atom polymer models at 750 K.

nonbonded parameters are . = 0.25, Kjax = 11, and Rc = Ryaw
=9 A. Systems are then relaxed under NVT conditions at 750
K until thermal equilibrium is established; that is, the kinetic
energy is equipartitioned between the different degrees of
freedom. The bulk systems are then progressively cooled toward
300 K at a rate of —1 K ps™!, relaxed for 100 ps at NVT, and
then switched to constant-pressure (NPT) conditions, in which
the on-diagonal and off-diagonal components of the pressure
tensor, P, are maintained at ~1 and O bar, respectively, by a
standard loose-coupling method where cell lengths and angles
vary in time."'* Systems were allowed to relax until the densities
and energies stabilized. Production runs were then continued
for, at least, another 600—1000 ps.

It has been shown in the past for n-alkane chains and
more recently for highly flexible bead-spring models'®' that the
introduction of the full potential into an initially noninteracting
ensemble of chains can lead to a change in the intrachain
distances at intermediate length scales. In order to check whether
our 50-mer PMDA-ODA chains are also affected, intermediate
intramolecular distances between ODA oxygens were calculated
both for the chain conformations obtained at the end of the
PMC-MD sampling (dpmc-mp) and following their equilibration
in the 6-chain (11712-atom) bulks at 750 K (dwp). Figure 4
reports the relative difference, Ad/d = (dpmc-mp — dwip)/dpmc-
Mmp, averaged over five 11712-atom simulation boxes as a
function of nmonomers: While there are slight deformations at
intermediate distances, the average Ad/d values are typically
less than 1%, thus showing that, in the case of these relatively
rigid PMDA-ODA chains, this effect remains very limited.

3.3. Validation of the Dry Kapton Model. The density of
a simulated system is a fundamental property, since it results
from the growth procedure, the accuracy of the force field, and
the other parameters of the model. Moreover, most of the
polymer properties, such as free volumes, are directly or
indirectly linked to the density. The average densities at 300 K
for nine 3904-atom and five 11712-atom dry polymer models
are displayed in Table 1. They are within less than 1% of the
experimental value, [p200%imendJ= 1399 £ 4 kg m™3, obtained
from the average of seven values found in the litera-
ture.?02>31-126-129 Using the coefficient of volumetric expansion
for amorphous Kapton reported as being ~1.92.107% K™!
between 300 and 373 K,'** we can estimate [p¢fpKimen RS being
equal to ~1380 kg m™3. This differs by only 0.2% from [k
= 1377 &+ 2 kg m3 (Table 1), which further validates our dry
polymer models at 373 K.

The average total intermolecular potential energies Uik Care
also given in Table 1. In agreement with other long-chain poly-
imides,””'® the cohesive energies of the dry systems are mostly
dominated (up to ~90%) by van der Waals interactions. DU}{}}?D

92,94
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Table 1. Results of NPT Simulations Undertaken for Dry Kapton at 300 and 373 K and for Hydrated Kapton at 373 K*

systems no. of atoms o0 va WinerD o0 [FFVO (o500
dry 300 K (9 systems) 3904 1385 +7 45850 £230 —1155+£09 20.5 £ 0.1 0.124 £0.005 3.10 £ 0.05
dry 300 K (5 systems) 11712 1387 £2 137900 200 —116.5+04 20.56+0.04 0.123 +0.001 3.10 £ 0.05
dry 373 K (5 systems) 11712 1377 £2 138290 £ 150 —1145+0.5 20.31+£0.05 0.128 +0.001 3.10 £ 0.05
hydrated 373 K 1.4% wt H,O (5 systems) 11979 1397 £3 138310 260 —129.0+0.4
hydrated 373 K 3.4% wt H,O (5 systems) 12 360 1420 +£2 138680 & 150 —150.0 £0.3
hydrated 373 K 5.4% wt H,O (5 systems) 12 741 1438 £2 139660 + 160 —171.5+0.4
hydrated 373 K 10% wt H,O (5 systems) 13617 1453 +£4 144180 £ 360 —218.3+0.6

“ All results have been averaged over the production runs and are presented with their standard errors. Average pressures in all systems were 1 +
1 bar. The relaxed densities [pCJare given in kg m~3, and the volumes [VUof the MD cells are in A%. The potential intermolecular energies (Ui Care
in kJ mol~! (Kapton monomer)~!, the Hildebrand solubility parameters [dUare in (J cm™3)!/2, and the nearest-neighbor intermolecular distances Lk 5[]

are in A. (FFVis the fractional free volume.

is directly linked to the average volume of the MD cell [V[and
to the Hildebrand solubility parameter ¢ (Table 1) by:

intterD

— po

O=A "o @
While there are several empirical techniques to evaluate
Hildebrand solubility parameters,'' these are rarely fully
satisfactory. Indeed, the & parameters for an ODPA-ODA
homopolyimide were found to be 27.9 (J cm™3)!”2 using the Hoy
method,'*? 25.8 (J cm™3)'2 with the Fedors method,'* and 21.4
(J cm™3)!2 with the Hoftyzer—van Krevelen method.'"'** These
shortcomings have been linked to the inability of the various
group contribution approaches to take into account specific
interactions. However, it is widely accepted that, as a require-
ment for a polymer to be soluble in a solvent, the absolute
difference of their respective solubility parameters should be
as small as possible.'" As such, our model = 20.5 (J cm~3)!2
at 300 K is in good agreement with the ¢ values of the solvents
commonly used for PMDA-ODA. These solvents are typically
H-bonding, and, as such, the hydrogen bonding contribution dy
to the overall 0, 0> = (04> + 0% + 04%), with dq and J,, being
the dispersive and polar contributions, respectively, is not
negligible: & = 22.7 (J cm™3)"2 and 0y, = 12.9 (J cm—3)" for
m-cresol, 0 = 22.9 (J cm™3)"2 and 6, = 7.2 (J cm™3)!? for
N-methyl-2-pyrrolidone, ¢ = 22.8 (J cm™3)"? and d, = 10.2 (J
cm )2 for dimethylacetamide, and 6 = 24.9 (J cm~3)2 and
On = 11.3 (J cm™3)!”2 for dimethylformamide.'’

Structures can be characterized in several ways. No sign of
crystallinity was found in the indiscriminate intermolecular radial
distribution functions for the chains giner(r). They are in good
agreement with the d-spacing parameters commonly reported
for PMDA-ODA, that is, 4.45—4.6 A.'2%!3° The average nearest-
neighbor intermolecular distances, rys, arbitrarily defined as
ginter(05) = 0.5 show that the preparation procedure is fully
repeatable. The distributions of pivot C—N—C—C angles show
favored positions at —152°, —28°, 28°, and 152°, which agree
with the Kapton ultraviolet spectrum.'*” The rotational barriers
are much lower in the case of the more flexible C—O—C—C
ether linkage, and the distributions are a lot smoother. As seen
in the Kapton oligomers,® both dianhydride and diamine units
can stack in a planar fashion, which leads to short-range order.
The dianhydride—diamine interactions are especially relevant
with respect to charge-transfer complexes (CTC),"*>'*® which
have been characterized in PMDA-ODA by UV/visible spec-
troscopy, fluorescence spectroscopy, and photoconductivity.'’
Although electrons cannot be formally transferred in classical
MD simulations, CTC can only form if there is a sound
structural basis for stacking. In addition, there are favored
interactions between two dianhydride moieties, which are
supposed to form low-energy configurations.3*!4

The fractional free volume, FFV, available in the dry models
can be empirically calculated using FFV = (V — V}))/V, where
V is the actual volume and V) is the zero point molar volume.

The latter was taken as being 1.3 times the van der Waals
volume Vi, of the PMDA-ODA monomer calculated by a group
contribution method.'"'*" From the simulated values at 300 K
(Table 1), the (FFVUis 0.12, which compares favorably with
the experimentally reported FEV of 0.11-0.12.2*'2"-'>° However,
the way in which the void space is actually distributed remains
experimentally unclear, as positron annihilation lifetime spec-
troscopy (PALS) is not able to provide such information. This
has been attributed to the strong effective charges of the PMDA-
ODA carbonyl oxygens and nitrogens (see partial charges in
Figure 1), which are thought to trap positrons.'** As such, we
cannot use an approach whereby PALS spectra are directly
compared to data obtained from atomistic simulations,'30:143:144
Instead, we use here a simpler geometric technique, referred to
as the “phantom sphere approach” and widely encountered in
atomistic simulations,'3%'*~148 o characterize the void space.
The probe accessible volume (PAV) is obtained by repeated
trial insertions of virtual probes of preset radius into the dense
polymer configurations without any preassumption on the actual
form of the holes. Standard van der Waals radii are assumed
for atoms in the polymer (C =17 A, 0=15A, N=1.554A,
and H = 1.2 A), and the virtual probe insertions are “accepted”
or “rejected” according to whether the probe overlaps with any
of the atoms in the system. The accessible volume is then
defined as the total volume of the system multiplied by the
percentage of “accepted” insertions. It should be noted that
the PAV is here that part of the volume that is accessible to the
center of the probe. No attempt is made to obtain the actual
volume the entire probe can access, as the holes can adopt
complicated geometries and the probes can overlap in different
ways. This fairly crude method is thus only intended as a way
to compare different model systems under the same conditions.

In these calculations, the probe radius was set to 0.54 A, SO
as to give a percentage of PAV equal to the FFV. As before,'*’
the qualitative distribution of the PAV was obtained by
analyzing the connectivity of the positions of accepted probe
insertions. Effectively two accepted probes are considered to
be linked, that is, in the same hole, if the distance between them
is less than some arbitrary distance. Hole sizes are then obtained
from a standard cluster analysis of the interconnected points.
Here, the arbitrary distance linking the probe centers was also
set to 0.54 A. Results for the distribution of PAV (not displayed)
show the monotonically decreasing form found for other glassy
polymers.l‘m’148 Under those conditions, the small holes (i.e.,
PAV < 10 10\3) are ~30 times more numerous than the medium
holes (10 A3 < PAV < 20 A3) and there are only few big holes
(PAV = 20 A%). No cavitation was observed. The distributions
are also quite homogeneous between the different systems,
which confirms the excellent reproducibility of the preparation
procedure.

4. Hydrated Kapton

4.1. Water Insertion. While water molecules can be inserted
randomly into the polymer,**3%-37384041 thig can lead to large
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overlaps or even spearing in the case of cyclic molecules. Here,
we use a more specific technique.®® A sample of SPC/E water
is equilibrated at a density of 958 kg m~3 at 373 K, that is, the
experimental density of liquid water at the boiling point, in a
simulation box of the same size as the preprepared dry polymer.
After that, both simulation boxes are superimposed and the water
molecules to insert are chosen among those that overlap least
with the polymer atoms within a sphere of specified radius. The
radius criteria and the initial water configurations can be changed
in order to obtain different starting configurations for the water
in the polymer matrix. However, providing that water mobility
is sufficient, the results should not be dependent on the insertion
technique. Following water insertion, a short step of minimiza-
tion is needed to remove any slight overlaps. Systems are then
ready to be simulated under NPT conditions.

Experimental measurements of the limiting weight percentage
of water uptake by amorphous Kapton in contact with water vapor
at its saturation pressure in the temperature range from 25 to 80
°C vary between ~2% and ~G.>10:23-26:28-30.124.150-155 e
scatter in experimental data is thought to be related to the film
preparation history, the measurement technique, and in some
cases the thickness of the films.'®**2%15% For example, Ree
et al.?® report a value of 3.4 wt % at 25 °C obtained by
microbalance measurements. Given the experimental uncertain-
ties, it was decided here to study a broader range of weight
percentages: 0%, ~1.4% (89 H,0), ~2.4% (152 H,0), ~3.4%
(216 H,0), ~4.4% (279 H,0), ~5.4% (343 H,0), ~6.4% (406
H,0), ~8% (508 H,0), and ~10% (635 H,0); figures in
parentheses are the corresponding actual number of water
molecules inserted into the dry polymer systems of 11712
atoms.

It should be recalled here that, in a periodic model system,
we are not limited to the amount of water that can be added to
the polymer system, although phase separation is expected at
very high water contents. On the other hand, in any real
experiment, water in the polymer will be in equilibrium with
some external water in a state with the same chemical potential.
Although it may well be difficult, or even impossible, to obtain
an external state of water with the same chemical potential at
the highest concentrations examined here, there is, nevertheless,
no fundamental reason to expect any discontinuities in the
behavior with respect to water content because of this. The
general trends are thus assessed here using a wider range of
water contents than is experimentally accessible.

All five large 11 712-atom dry polymer models were used
as starting points for the hydrated systems with 1.4%, 3.4%,
5.4%, and 10%. The 2.4%, 4.4%, 6.4%, and 8% simulations
were carried out on one 11 712-atom system. Water mobility
was characterized in a preliminary study. After 500 ps at 300
K, the water molecules were still not really decorrelated from
their initial positions. On the other hand, heating the samples
to 500 K led to a visible decorrelation of water from its initial
distribution. Finally, a temperature of 373 K was chosen as a
compromise in order to be both more experimentally realistic
and still satisfactory in terms of water mobility. It has been
shown experimentally that water concentration in Kapton is
unchanged in the 30—85 °C temperature range and that it only
depends on relative humidity.>* Furthermore, with the heat of
dissolution of water in Kapton being ~—44 kJ mol~1,>* the
decrease of water solubility with temperature is almost entirely
compensated by the increase of saturated vapor pressure, which
indicates a low temperature effect on the water content at
saturation.'>*'>7 All hydrated systems were simulated for 5000
ps, which was considered sufficient for the study of the structural
properties of water in the polymer matrices. The Ewald
parameters were o0 = 0.27, Kpax = 13, and Rc = 9 A, and the
total number of hydrated 11 712-atom model simulations
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Figure 5. Average relative variations of the MD cell volumes AV/V =
(Vhydraea — Vary) Vary as a function of the water content at 373 K. Those
averaged over five hydrated systems are displayed with squares along
with their standard errors. Circles give the additional average values
obtained from a single system.

amounted to 24. Please note that all results presented for the
water contents of 1.4%, 3.4%, 5.4%, and 10% are averaged over
the five independent systems.

4.2. Volumetric and Energetic Properties. The average
relative variations of the volumes AV/V = (Viydraed — Vary)/
Vary at 373 K are reported in Figure 5 as a function of the water
content.

Up to ~3% wt water, the model volume remains basically
equal to that of the dry sample, which suggests that water is
likely to occupy pre-existing void spaces in the polymer. From
~3% wt water onward, the hydrated volumes increase, but this
cannot be explained by a direct correlation with the added
volume of the water molecules. Indeed, the “volume occupied”
by a single water molecule can be defined as the difference
between the total probe accessible volume in a hydrated system
using a probe of zero radius, with and without taking into
account water, divided by the total number of water molecules.
This analysis, at all wt % water, gives about 17 A3 per water
molecule, that is, the same as that found using the same approach
for a simulation box of pure liquid SPC/E water and as that
used in other simulation studies.>* It should be noted that this
is significantly less than the ~30 A3 obtained for the partial
molecular volume of water from the density of liquid water.'*
This is not surprising, as our approach is based on a simple
geometric notion of the volume “occupied” by a water molecule,
whereas the partial molecular volume is the change in fotal
volume of the system provoked by the addition of one more
water molecule. For the hydrated polymer systems, the actual
increases in total volume per water molecule are only equal to
~4 A3 at 5.4% and ~9 A3 at 10% wt water. This suggests that,
even at the highest concentrations, there is still some way to
g0 to reach the limiting value of ~30 A3.

At the higher concentrations, the polymer matrix starts
swelling, which is concomitant with changes in average model
polymer—polymer distances and accessible void spaces. Figure
6 gives the average relative variations, Ad'/d'" = (dhydrated — dary)/
dary, of ODA oxygen intramolecular distances as a function of
both Zmonomers and water content. There is a definite tendency
toward an opening of the chains for the 5.4% and 10% systems
for all analyzed intramolecular distances. Intermolecular dis-
tances tend to vary in the same direction.

Above ~3% wt water, the PAV calculated without taking
into account the penetrants also starts to increase, whatever the
probe radius used in the insertion procedure. However, there
are more small holes with respect to the dry samples. For
example, in the 10% wt water systems, this amounts to a ~35%
increase in the amount of small holes when using the same probe
radius and distance linking the probe centers of 0.54 A as before.
On the other hand, the larger holes tend to disappear for high
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water contents. The fact that the extra volume is mainly created
in the form of small holes suggests that the relaxation of the
polymer induced by the presence of water is very local. This is
also consistent with the geometries of the water clusters (see
later).

The rather discontinuous behavior seen here of the volume
first stagnating before beginning to swell over ~3% wt water
(0.3% =+ 0.1% change in volume at 3.4 wt %) warrants, perhaps,
further comment. Previously, we have obtained 1.8% volume
swelling of 4-mers of a very similar PMDA-ODA model at 300
K with 3.3% wt water.®® This former result for short oligomers
is more in agreement with the experimental results of Lim et
al.,>>who measured the density of just one type of Kapton at
just one wt % (2.85%) at 23 °C and found a volume swelling
of ~2.5%. However, several hygroscopic expansion coefficients
for Kapton at room temperature'>®'> suggest that the volume
expansion is actually at the most 0.6%—1% at high relative
humidities (RH). This is corroborated by dilatometry measure-
ments, which find a maximum of 0.7% volume swelling close
to the saturation pressure at room temperature.lf’o Furthermore,
in the dielectric water sorption analysis of Giacomelli Penon et
al.,'> the change in sample thickness is deemed as being
negligible in comparison with the increase in dielectric permit-
tivity caused by the penetrating water. Most of the experimental
data thus suggest that the swelling (up to saturation) remains
very limited. It should also be noted that the time scale available
to MD simulations is too short for the full range of natural glassy
polymer relaxations to occur, and that it is not the first time a
stagnation in the swelling behavior of glassy hydrated polymers
has been seen; this is the case, for example, for PMMA, where
swelling is thought to occur once free volume is saturated.*’
Within this context, our results on the volume changes in
hydrated Kapton seem very reasonable.

As far as our model density is concerned, it increases as a
function of water content (results not shown). Experimentally,
density is often measured using density gradient columns, but,
once again, there are no consistent trends in the literature for
glassy polymers. Indeed, there are two limiting cases for these
types of polymers: one assumes the sample volume does not
change upon sorption of water, while the other assumes the
mixture to obey volume additivity. In practice, the experimental
data often lie between these limiting cases.'®" An increase in
density has been reported for Kapton,? atactic PMMA,'®?
PEEK,'® the Matrimid polyimide,'®' bisphenol A-based polysul-
fone,'®" Nylon,'®* and aromatic polyamides.'® In the case of
starch'®® and isotactic PMMA,'®* an initial increase of density
is seen at low RH, followed by a decrease at higher RH. Other
experimental studies carried out on starch'®” and some sul-
fonated polyimides'®® report a decrease in density with water
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content. While different polymers may behave in different ways
and the experimental conditions of the aforementioned refer-
ences do vary, the most common case for glassy polymers and
that reported for Kapton? does seem to be an increase in density
with hydration, which is once again consistent with our model.

Polymer—polymer [V, L) polymer-water [, [) and
water—water [, Ointermolecular potential energies were
extracted and are reported in Table 2. They were further resolved
into their van der Waals (“LJ”) and Coulombic (“Coul”)
contributions. As expected from the analyses shown previously,
polymer—polymer interactions do not change much up to ~3%
wt water. At larger water contents, the swelling leads to a limited
increase in the WinfiOand RESE Ovalues, while there are
no real variations in the overall intramolecular terms. In contrast,
both the pol—wat and wat—wat interactions become more
negative as an almost linear function of the water content. The
pol—wat interactions are stabilized by both van der Waals and
Coulombic terms, while the main contribution in the wat—wat
energies is of electrostatic origin. With an entropy which is
expected to increase with additional water, the results of Table
2 suggest that the uptake of water should be thermodynamically
favorable at all the wt % values considered here. As noted
before, this is hard to compare to experimental data because
one would have to obtain an external state of water with the
same chemical potential as the highest model concentrations.

4.3. Specific Interactions. Specific intermolecular radial dis-
tribution functions giner(r) were calculated in order to characterize
polymer—water and water—water interactions. As seen in other
atomistic Simulations,34,35,37—39,42,44,45,47,50—53,55,59,60,62,64—66,70,71,
7385:199the water hydrogens Hyq tend to form hydrogen bonds
with the hydrophilic sites on the polymer, that is, for Kapton,
the carbonyl oxygens Oy and to a lesser extent the ether
oxygens Ogy, (Figure 7). This is consistent with the '3C NMR
study of Waters et al. where the carbonyl group was found to
be the main interaction site for water on the polymer,'”® in
contradiction to a much earlier work which had suggested the
ether linkage.23 In addition, there is a well-known correlation
between water solubility and the concentration of polar groups
in polyimides.?® The other important hydrophilic sites are the
oxygens from neighboring water molecules Oy, Similar results
are found if the giner(r) functions are calculated with respect to
Oy instead of Hyg, albeit at distances larger by ~1 A.

Hydrogen bonds can be defined using simple geometrical
criteria 3*36:42:44:47:53.5970 Thig inyolves at least the distance
between a Hy, and a hydrophilic site (A), but it can also use
the value of the As=Hy,—Oya angle. Our experience is that this
last criterion is not really discriminating, and so we just use
the experimentally quoted value of a hydrogen bond being
defined each time a Hy, is less than 2.4 A from a hydrophilic
site (dg-o < 2.4 A).""! In addition, 2.4 A corresponds to the
distance of the first minimum in the giner(r) for Hya Oy, and
Hya*Ocarv (Figure 7). Our AsHy,—Oy, angle distributions (not
shown but accumulated in histograms of ¢ cos 6 to avoid any
bias) between hydrophilic sites and Hy,—Ow,e identified as
forming a hydrogen bond show a single Gaussian peak centered
at 180°, and only 6% of A=Hya,—Owa angles (those within the
125°-130° range) fall below the criterion of 130° used else-
where >**>=7 The simple distance criterion described above is
thus considered sufficient to detect hydrogen bonds, as was
noted before for PEO.”*

The H-bonding in the relaxed systems was analyzed with
respect to each hydrogen atom in water and with respect to each
water molecule using all three types of acceptors: Owat, Ocarbs
and Ogw. This provided a large amount of information concern-
ing the probabilities of occurrence of all the different possible
combinations of H-bonds. To rationalize this information, we
first present the data from the point of view of the water
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Table 2. Average Polymer—Polymer (Pol—Pol), Polymer—-Water (Pol—Wat), And Water—Water (Wat—Wat) Potential Energies for Dry
and Hydrated Kapton at 373 K*

hydrated 1.4% wt

hydrated 3.4% wt

hydrated 5.4% wt hydrated 10% wt

energies dry (5 systems) H>0 (5 systems) H,0 (5 systems) H>O (5 systems) H,0 (5 systems)
Wi O —114.5 (£0.5) —1144 —113.9 —113.2 —109.6
Wines O —104.2 (£0.4) —104.4 —104.0 —103.4 —100.5
Wit 'O =102 (£0.3) -10.0 9.8 -9.8 -9.1
W —10.3 (£0.6) —22.7 —33.9 —56.1
WH-wald —1.7 (£0.5) —4.3 —6.9 —12.6
WSO —8.6 (£0.4) —18.3 —27.0 —43.4
e e —4.3 (£0.7) —13.5 —24.5 —52.6
Wiihe-wat 1.1 (£0.1) 33 6.0 12.9
WSO —5.4 (£0.8) —16.8 —30.5 —65.5

“ Intermolecular (/"' (Jenergies are reported along with the specified van der Waals [/''0and Coulombic [/°°“![contributions in kJ mol~! Kapton
monomer~!. The figures in parentheses give the maximum standard errors for each line.
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Figure 7. Intermolecular radial distribution functions giyer(r) between
Hyae and different H-bond acceptor sites in a 3.4% system at 373 K.
Note that the scale on the left axis is for the Hya™Ocarp and Hya*Oetn
rdfs and that on the right is for the Hyu=Oyy rdf.
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as a function of the water content (see text for details). The error bars
are the standard errors from the five independent samples at each water
content.

molecules by distinguishing four broad types of water: (1) “free”
water, that is, water not H-bonded to any acceptor sites, (2) water
only H-bonded to other water molecules, (3) water only H-bonded
to acceptor sites on the polymer, and (4) water H-bonded both to
other water molecules and to acceptor sites on the polymer. The
change in the percentages of each type of water is presented as a
function of the water content in Figure 8.

It is clear that the amount of free water is relatively low,
even at 1.4% wt water, and that it decreases with water content.
Most of the water molecules thus manage to form at least one
H-bond with an acceptor site. At the lowest concentration
studied, almost half of the water molecules are only H-bonded
t0 Ocarb OF Ogyp Sites on the polymer chain. With increasing water
content, the percentage of polymer-only H-bonded water
molecules drops rapidly to ~20% at the expense of their water-
only and water and polymer counterparts. The steady increase
in the amount of water-only H-bonded to other water molecules
strongly suggests a trend toward water clustering, and this will
be examined in more detail in a later section.
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Figure 9. Distributions of the number of hydrogen bonds formed with
water molecules at 373 K for the Kapton (a) carbonyl oxygens Ocar
and (b) ether oxygens Ocn. Results are averaged over 5000 ps and five
systems for each water content. The maximum standard error for a
given water content is 0.6%.

We now consider the same data from the point of view of
the Ocary and Oy, acceptor sites on the polymer. Although Figure
8 shows that the proportion of water H-bonded to the polymer
gradually falls from ~80% at 1.4% wt water to around 60% at
10% wt water, the actual number of polymer sites H-bonded to
water gradually increases. Figure 9 shows the average percent-
ages of polymer sites hydrogen-bonded with water as a function
of the water content.

In the system with 89 water molecules (1.4% wt water), ~88
carbonyl oxygens (~7% of Ocap) and ~6 ether oxygens (~2%
of Ogm) are hydrogen-bonded with a water molecule. As we
have seen in Figure 8 though, only ~75% of water molecules
are H-bonded to the polymer chains at this water percentage.
This suggests that a certain proportion of the water molecules
are H-bonded to two sites, and this will also be examined in
detail later. At 3.4% wt water, however, the 216 water molecules
present are coordinated, at any one time, to ~182 carbonyl
oxygens (~15% Oca) and ~15 ether oxygens (~5% Oem). So,
despite the excess in the number of available coordination sites
on the chain, some water molecules choose, as we will see in
the next section, to coordinate preferentially to other water
molecules. In this respect, Kapton behaves differently from the
more hydrophilic polymers such as PVA and hydrogels where
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Figure 10. Average cumulative numbers of (a) Ocap and (b) Oen Which
have formed at least one hydrogen bond with a water molecule plotted
as a function of time for the different hydrated Kapton systems at 373
K. For reference, there are 1200 atoms of O, and 300 atoms of Oeq
in each simulation box.

there is a higher average of water oxygens in the first solvation
shell of a polymer oxygen.***>*’ This tail-off continues at higher
water contents so that, at 10% wt with 635 water molecules,
we find on average ~412 carbonyl oxygens and ~47 ether
oxygens being hydrogen-bonded with a water molecule. This
corresponds to only ~1/3 of the Ocap and ~1/6 of the Ogp. It
has been suggested that this behavior could be simply due to
the fact that some sites are inaccessible.>* Yet, it is clear from
Figure 10 that the cumulative numbers of hydrophilic sites that
have formed, at least once, a hydrogen bond with a water
molecule during the simulations increase steadily and are well
above the instantaneous average values, which can be inferred
from Figure 9. This weakens the hypothesis of inaccessible sites,
although the duration of these simulations is too short to assess
whether all sites can actually be visited.

The analyses shown in Figure 10 have also been made from
the standpoint of the water molecules. In Figure 11, we
plot the average cumulative number of different acceptor sites
visited by a water molecule during the course of the simulation.
These functions gradually increase with time, which demon-
strates clearly that the water molecules do visit a number of
different sites within the time span of the simulation. For the
acceptor sites on the polymer (Figure 11a), there is, within the
error bars (not shown for the purpose of clarity), little variation
with the water content. The actual underlying distributions (not
shown) are quite broad, symmetric, and roughly Gaussian. For
example, at 10% wt water, some molecules manage to visit more
than 60 Oc,p during the simulation whereas others visit very
few. It is also noticeable that the water molecules visit about 5
to 6 times as many carbonyl oxygens than ether oxygens in the
same amount of time. This ratio is quite different from the static
probabilities, which, as discussed above, are typically in
excess of 10:1 in favor of carbonyl oxygens but are closer
to the limiting value of 4:1, that is, the ratio of the number
of carbonyl to ether oxygens in the systems. This suggests
that visits to Oy, are shorter than those to Oy (See H-bond
lifetime analyses).
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Figure 12. Probability densities of continuous H-bond lifetimes in a
hydrated Kapton system with 5.4% wt water. H-bonds between water
hydrogens and different types of acceptors have been considered. Note
that the x-axis is on a logarithmic scale so as to better visualize the
maximum at short times.

Figure 11b gives the average cumulative number of water
oxygens that have formed an H-bond with a water molecule.
The influence of the total water content of the samples is clearly
quite different. In this case, increasing amounts of water lead
to, in absolute terms, an increased number of water—water
encounters. The reconciliation of this behavior with the absence
of a water content effect for the number of polymer acceptor
sites visited is that the increase in the number of water—water
encounters occurs within water clusters, that is, within the
increasing proportion of water which is only H-bonded to other
water molecules (Figure 8). To put things in proportion, carrying
out the same analysis for a simulation of pure SPC/E liquid
water at 373 K gives a water—water encounter rate of ~170
molecules per 1000 ps.

The dynamics of the H-bonds were also analyzed in two other
standard ways. First, continuous lifetimes 7. of individual
H-bonds were measured*®*>#>47-%%7% and used to calculate both
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Figure 13. Mean values of the continuous H-bond lifetimes, 7., and
H-bond correlation times, 7, as evaluated from eq 6, plotted as a function
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an average lifetime and a distribution of lifetimes, p(z.), for
each specific type of H-bond. As pointed out previously,* this
analysis is not without its drawbacks if it is made using stored
configurations. Infrequent storage limits the resolution at low
lifetime values, whereas a higher frequency will often cause
practical problems with respect to file space. Results can be
very sensitive to the actual definition of an H-bond,'”* and long-
lived H-bonds may be either missed or, at best, truncated if the
duration of the simulation is too limited. Nevertheless, it has
been shown by Tamai et al.** using a resolution of 0.01 ps that
a significant proportion of continuous lifetimes in a series of
hydrogels are quite short. In order to resolve this short time
behavior in our hydrated Kapton models, we have carried out
extra simulations of 50 ps with the configurations being stored
atevery 1 fs time step. Averages were obtained at four different
concentrations of water: 1.4, 3.4, 5.4, and 10% wt water. Typical
results for the corresponding p(7.) obtained in a 5.4% system
are plotted in Figure 12.

The high resolution used here for p(z.) shows that there is a
maximum probability for the lifetimes in the region of 0.01—0.03
ps. The distributions for H-bonds with Oy, are slightly offset
toward lower lifetimes compared to those for acceptors on the
polymer chain, but 1 ps seems to be a long continuous lifetime
whatever the type of H-bond.

As noted before, one should remain cautious, as the results
are indeed found to be sensitive to the definition of an H-bond.
Increasing the cutoff for the H+A distance to, for example, 2.6
A significantly reduces the mean lifetimes, as there are a larger
number of short lifetimes. In fact, it is found here that the value
of dy-o0 = 2.4 A maximizes the continuous lifetimes for all types
of H-bonds. On the other hand, Figure 13 shows that the average
7. lifetimes (using the H-bond defining distance of d,., < 2.4
A) are clearly relatively insensitive to the amount of water
present. The fact that the H-bond 7. values involving Ogq are
approximately half of those with Oy Or Oy, is presumably
due to the less negative charge of the ether site (see Figure 1).

Another well-known problem with the continuous lifetime
analysis is that it does not give any information about the
reforming of the same H-bond. The standard approach®® to
characterizing such an eventuality is a correlation function
analysis.'”>!'”* A function is defined for each pair ij of possible
H-bond donors and acceptors, which just takes the values 1 and
0 according to whether an H-bond is present between them. In
our case, this is simply based on their distance apart at time ¢,
rii(t), in the following way:

H{r,0} =1 if ry0)<dyo (3a)
H{r,0} =0 if r0)>dy.q (3b)

The autocorrelation function R(f) = H{r;(0)} H{r;j(r)}then
gives a different measure of the time required for an H-bond to
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decay. In practice, we obtain this characteristic time for each
type of H-bond from the normalized form of R(z), which we
refer to as C().*” The normalization is straightforward for these
types of functions that only take values of 1 and 0 as R(0) =
(H{r(0)} H{r(0)}0= H{ry0)}

R - H{ry0)) 3
> {r,(0)} O~ DH{r,(0)} 3
R - M{ry )03
H{r,(0)} O~ B{r,(0)} 3
_ RO —R(0)
R(0) — R*(0)

The normalized C(¢) function thus gives the probability of an
H-bond still existing between two atoms at some later time,
given that it did exist at the time origin. As it could have been
broken and reformed several times in the intervening time, it
does not give the same information as the continuous lifetime
analysis. We note in passing that the normalized form that has
been given in the past, C(f) = R(£)/R(0),>¢434347:56.70.172 4 ot
strictly correct, since the long time limit is R(0) rather than O.
However, as R(0) is generally small compared to 1, this is not
usually a problem.

The resulting C(¢) values all showed a similar behavior with
an initial fast, highly nonexponential relaxation giving way at
long times to a slow exponential decay. This is qualitatively
very similar to that found for water in PVA*’" and water in
epoxy—amine networks.’” The combination of both of these
quite different behaviors has posed problems in the past to obtain
correlation times. Some authors have fitted the short time
relaxation to a single exponential,**** despite its clear nonex-
ponential form, or simply defined the correlation time as C(7)
= 1/e.”® We have not found these approaches satisfactory, nor
the alternative of fitting a stretched exponential, also known as
KWW (Kohlrausch-Williams—Watts), form.*” On the other
hand, satisfactory fits to the data out to at least 3 ns were
obtained using a weighted sum of a single exponential and a
stretched exponential:

@)

“)

B
cin =1 exp(— i) +(1-2) exp(—(é)) 5)
The corresponding relaxation times, 7, could then be obtained
from the best-fit values of the 4, v, o, and 8 parameters and
the analytical integration of eq 5:

v= [ Ca)dr
00 ﬁ
= fo A exp(— i) +(1—21) exp(—(é) ) dr
o (1
Iy +(1 =g r(ﬁ) 6)
where the gamma function, I'(x), was estimated to high precision
using a standard numerical technique.'”*

The values of 7 obtained for H-bonds with the three types of
acceptor sites are displayed as a function of water content in
Figure 13. They fall in the same range, 102—103 ps, as that
found for water in PVA at 375 K and at similar weight
fractions.*” They are considerably longer than the ~6 ps
correlation times obtained for pure SPC/E water at 373 K. In
this study, the 7 correlation times for O—H*Oy, and O—H=Og,
are roughly similar, whereas those for the O—HOc,, H-bonds
are about twice as long. The difference between Ocyp and Oen
can once again be linked to the lower partial charges of Ogp
with respect to Ocarp. In the case of the O—H=Oy, H-bond, it
is likely that the higher mobility of water counteracts its inherent
strength and, on average, correlation times are less long than
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Figure 14. Distributions of the number of hydrogen bonds formed by
one water molecule at 373 K. Results are averaged over 5000 ps and
five systems for each water content. The maximum standard error for
a given water content is 0.7%.

those for polymer—water interactions. Interestingly, we do not
find the same phenomenon when looking at the short-time 7,
as the strong O—H=Oy, H-bond augments its continuous
lifetime with respect to that for the weaker O—HO, H-bond.
The fact that 7 and 7. might at least partially depend on different
factors is not unexpected, as there are about 3 orders of
magnitude of difference between both characteristic times for
the same H-bond type (Figure 13). For both 7 and 7, though,
a definite trend with increasing water content is not obvious
over the relatively narrow range of hydrations used here.
Nevertheless, the results are not inconsistent with findings from
MD simulations over much wider ranges of water content for
more hydrophilic PVA hydrogels*’” or PEO solutions,”® where
increasing water content leads to clear decreases in H-bond
correlation times.

4.4. Water Bridging. The average number of A=H—O
hydrogen bonds per water molecule is displayed for several
water contents in Figure 14.

Very few waters are either not bound to any or bound to
three hydrophilic sites at the same time, suggesting that these
are unfavorable states. On the other hand, a large majority of
water molecules (from 60% to 70%) are hydrogen-bonded to
two hydrophilic sites, in agreement with what has been proposed
by experimentalists'*'* and seen in other simulations of hydrated
polymers.***">3 As shown in Table 3, these so-called “water
bridges” can link either two polymer sites (“P—W—P bridges”),
two other water molecules (“W—W—W bridges”), or one
polymer site and another water molecule (“P—W—W bridges”).
The preferential polymer sites are the protruding Oca,, Which
can either form P—W—P Ocup—water—Oc¢uqp, and P—W—W
Ocarb—water—Oy,y bridges or combine to a lesser extent with
Oeih to form P—=W—P Oy —water—Ogy, bridges. In general,
the Oen show the same trend as the Oc,, but are attenuated by
their much lower accessibility with almost no P—W—P
Oen—water—Ogyp, and a few P—W—W Oy —water—Oy, bridges.
Unlike what has been found for flexible polymers such as PEO-
or PEG-based surfactants, %% there are actually very few
intramolecular P—W—P bridges: less than 0.5% of the
Ocarb—water—Ocam, less than 0.02% of the Oca,—water—Ogp,
and 0% Oepn—water—Ogq, imply two sites on the same PMDA-
ODA chain, irrespective of the water content. This is clearly
related to the fact that the Oy, on the same PMDA moiety are
over 5.5 A apart and about as far from the closest Oep. The
rigid nature of the polyimide monomers makes it virtually
impossible for these atoms to be bridged by a water molecule,
and thus, over 99.5% of the P—W—P bridges are actually
intermolecular. We do find some “cyclic bridges” where both
hydrogens from the same water molecule form a loop with only
one acceptor, but this involves at the most in all the simulations
under study 0.6% of the Oy and less than 0.05% of the Ogp

Macromolecules, Vol. 41, No. 9, 2008

and Oy, sites. Interestingly, the P—W—W bridges are by far
the most common occurrence over 3.4% (and as many as the
P—W—P bridges in the 1.4% systems), which suggests that it
is easier for a water molecule coordinated to a polymer site to
bridge with another water. Their number increases linearly with
water content, which is consistent with the increase in the
number of carbonyl oxygens and ether oxygens H-bonded to
water (see Figure 9) and the linear decrease of the polymer—
water interaction energy. The P—W—P and W—W—W bridges
also display a quasi-linear increase of their average number with
water content, but the evolution of their percentages show that
the latter progressively replace the former at the higher
concentrations. This is consistent with the swelling behavior
seen in Figures 5 and 6. Proportionally, water tends to coordinate
more and more to itself, thus eventually forming larger
W—W—W networks at 10%.

4.5. Water Clusters. In the literature, several experimental-
ists'*!71825 yse the Starkweather interpretation'> of the
Zimm—Lundberg theory>” in order to exploit solubility curves.
In this approach, the linear part of the water volume fraction
versus water activity curve is interpreted as the homogeneous
dissolution of the water molecules in the polymer without
formation of clusters, whereas the deviation of the curve at high
activities is thought to be related to the clustering of water
molecules.'>!? According to this interpretation, clusters should
thus not be present in Kapton, except at very high activities
(see Introduction).!” However, this contradicts NMR, dielectric,
and infrared ATR studies.?>*5!

We have analyzed the clusters in our hydrated Kapton models
by using the aforementioned hydrogen bond criterion (dy.o <
2.4 A) for defining water clusters, that is, water molecules which
are hydrogen-bonded together. Average results obtained from
the MD simulations for the 1.4% system are displayed in Figure
15a in the form of a histogram of the total amount of water
contained in clusters of a given size. For comparison, we have
also calculated the distributions of clusters in subsets of 89 water
molecules (i.e., as many as in the 1.4% wt samples), selected
in two other ways from samples of pure bulk water of the same
size as the polymer samples. The first method was to just choose
purely at random 89 water molecules and then perform the
cluster analysis. Repeating this procedure many times gave an
average distribution (not shown) containing mostly (~93%)
individual molecules with relatively small amounts of water in
clusters. A second distribution, plotted in Figure 15a, was
obtained for the as-inserted water. These latter results were
generated from the initial configurations of hydrated polymer
obtained using the method described in section 4.1. All five
polymer samples were used, and the results were averaged over
10 superimpositions of independent water configurations in each
case.

The MD relaxed and as-inserted distributions at 1.4% wt
water, shown in Figure 15a, are quite similar. This seems to
confirm the general impression that the water initially occupies
the existing voids without disrupting the polymer, and suggest
that more than ~70% of the water molecules present are
involved in clusters of one sort or another even at the lowest
concentration studied. The same comparisons have also been
carried out at higher concentrations. Results for 3.4% wt water
are displayed in Figure 15b as it illustrates a trend seen for all
the concentrations >1.4% wt water. At these higher concentra-
tions, the percentage of isolated water molecules in the relaxed
MD samples is systematically less than that found in the as-
inserted ones. This suggests that the water does have an inherent
tendency to alter the initial cluster distribution once allowed to
relax. It will be shown later that this is not the only difference.

The fact that water clusters are present at low water contents
apparently disagrees with the interpretation of the solubility
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Table 3. Water Bridges between Two Hydrophilic Sites”

percentage
Mo. of for a specific

percentage
[Mo. of for a specific

bridge type % water bridgesl] % water bridge type % water bridges] % water
P—W—P Ocup—water—Ocarp (£3, £2) 1.4 24 40 P—W—W Ocup—water—Oyy (£4, £1) 1.4 24 40
34 42 27 34 70 46
5.4 55 21 5.4 122 48
10 78 16 10 226 45
P—W—P Ocup—water—Oep (£0.9, +0.5) 1.4 2.8 4.6 P—W—W Ocpn—water—Oyy (£0.7, £0.5) 1.4 22 3.6
34 6.3 4.1 34 6.7 44
5.4 9.1 3.6 5.4 133 5.2
10 15.9 3.2 10 26.8 54
P—W—P Op—water—Oeq, (0.2, £0.1) 1.4 0.1 0.2 W—W—=W Oy—water—Oyy (£4, +2) 14 7 12
34 0.3 0.2 34 28 18
5.4 0.4 0.2 5.4 57 22
10 1.0 0.2 10 152 30

“ P refers to a polymer site, and W refers to a water site. The bridges have been analyzed over 5000 ps at 373 K both as a function of water content and
as a function of the hydrophilic sites being either Ocar, Oein, O Owai. Results for each specific bridge type and each water content include the average number
of bridges in the simulation cells and its total percentage with respect to the other bridge types. Their respective maximum standard errors are displayed in
parentheses next to the name of the bridge. The number of intramolecular P—W—P bridges found is very small and never more than 0.5% of the total.
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Figure 15. Average percentage of water molecules in clusters of a given
size in the (a) 1.4% wt water and (b) 3.4% wt water systems at 373 K,
along with the associated standard errors. The MD relaxed results are
compared to those for the as-inserted water molecules (see text for
details).

curves presented above. Furthermore, clusters can be much
larger than two or three water molecules, that is, in agreement
with what has been found in MD simulations of other polymer
matrices >*30:424750.60.61.6768.72 The origin of the discrepancy
between the aforementioned experimental interpretation and
atomistic simulations is likely to be due to a difference in the
definition of the clusters. In Figure 15, clusters are defined
through a series of hydrogen-bonded water molecules, which
implicitly includes the concept of connectivity. On the other
hand, Zimm—Lundberg theory is based on the cluster function,
originally introduced by Kirkwood and Buff,'”> which compares
the environment of a water molecule in the polymer with respect
to that expected of a homogeneous distribution.?’ This statistical
function indicates relative densities of water molecules but not
physical clusters. Indeed, Figure 16 shows that cluster geom-
etries are not trivial and that they are actually closer to chains
or open networks of water molecules rather than to dense
droplets. At the higher percentages, it even approaches a

~50 A

Figure 16. Schematic representations of the water clusters and their
hydrogen bonds in (a) a 3.4% system and (b) a 10% system. The
polymer is not shown, and the atoms are not folded back into the
periodic box in order to better visualize the extent of the clusters.
The images were generated using VMD 1.8.2.'76

cocontinuous network, similar to what has been seen in some
other atomistic simulations of polymers in water,?¢-38:42:4451.60

The average mean square radii of gyration of the clusters
(8% Jare displayed as a function of cluster size and water
content in Figure 17. The linear increase of [$2,sJconfirms
that the clusters systematically tend to adopt linear or open
network geometries rather than globular ones, with the latter
implying an increase in [$2,4Cproportional to a power of 2/3
in the cluster size. In fact, in the limit that globular clusters
have a uniform density given by that of bulk liquid water, it is
simple to show that

2 3 3Nm

BCIUStD: 5( 47Tp ) (7)
where N is the number of molecules in the cluster and m is the
mass of a water molecule. This line is also drawn in Figure 17
using a density of 958.05 kg/m?, that is, that of liquid water at
373 K. Also drawn in Figure 17 are the results obtained for the
as-inserted water molecules. Values of the mean square radii
of gyration of clusters in this latter case fall between the relaxed
MD values and those of the globular limit. This again suggests
a certain rearrangement of the cluster distribution once the water
is allowed to relax.
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Figure 17. (32, for the water clusters as a function of cluster size.
Results are averaged over five systems for each water content, and their
standard errors are displayed. The line represents the theoretical values
for globular clusters based on the expression given in eq 7. The dashed
line gives the results obtained from the as-inserted water molecules.

These nonspherical geometries have also clearly been char-
acterized in other simulation studies.>*°%! In addition, linear
or open network clusters do not give rise to such a high local
density of water molecules, which could explain the discrepancy
between the experimental interpretation of the Zimm—Lundberg
cluster function and the actual presence of clusters. It should
also be noted that the experimental solubility curves are obtained
through macroscopic weighing techniques, which are subject
to large errors for low activities. As far as other experimental
techniques are concerned, the models are consistent with the
dielectric measurements of Xu et al. where Kapton films
containing water revealed a characteristic double-loss peak.?®
Its two components, which are also seen in the 2H NMR spectra,
were originally designated as y; and y,. They were attributed,
respectively, to sites where isolated water molecules are loosely
coupled to the polymer chains (y;) and clusters of water
molecules (). Since NMR ruled out the possibility of small
liquidlike droplets, it was postulated that those clusters probably
consisted of small chains of molecules.?® The results of Xu et
al. were confirmed in other studies using either dielectric
relaxation or NMR spectroscopies.>>2*** It was further shown
that the DO molecules in the 7y, sites exhibit a preferred
orientation perpendicular to the plane of the film,* and that
the dipole moment associated with the y, relaxation is very
large,25 which is also consistent with chains of small molecules.
While it is not always easy to separate both contributions
because of the large overlap of both peaks, the y, component
is found in an attenuated form at water percentages as low as
1.6%%%° or 1.1 wt %> and increases rapidly with the total
moisture uptake. In addition, its large width is indicative of a
wide range of cluster sizes and configurations.>> This strongly
supports the findings of the atomistic models. This is also the
case for the infrared ATR characterization of Van Alsten et al.
where the vibrational spectra show a bimodal distribution and
where ~77% of water is presumed to be in an aggregated form
at 303 K and at saturation.®' This estimation is in good
agreement with our model average percentage of water mol-
ecules being found in clusters, which is ~84% at 373 K for the
3.4% systems.

5. Conclusions

Fully atomistic MD simulations of dry and hydrated Kapton
have been successfully carried out on more than 40 model
systems. The pure polymer matrices were prepared using the
efficient hybrid PMC-MD single-chain sampling technique,
following the validation of the local energy parameter npondgs =
4. No significant distortion of the chains on the intermediate
length scales related to the introduction of the excluded volume
potential was observed. Dry Kapton models were all found to
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be in good agreement with experimental data in terms of
densities, Hildebrand solubility parameters, conformational
properties, and free volume fractions at both 300 and 373 K. In
addition to validating the force field, it was also established
that the generation procedure is highly reproducible.

Simulations at different weight percentages of water at 373
K consistently show that the polymer matrices prepared here
only start to swell for water contents above ~3% wt. In addition,
even at 10% wt water content, the model volumes and
interaction energies of the Kapton chains and the water
penetrants are not simply additive. Local relaxation of the
polymer induced by water is confirmed by the molecular
distances and the probe accessible volume distribution of the
matrix with a tendency for more small holes at 8% and 10%
wt water.

At low water contents, ~75% of water molecules are
H-bonded to the hydrophilic sites on the polymer chains,
principally to the more numerous, more attractive, and more
accessible carbonyl oxygens O, and, to a lesser extent, to the
ether oxygens Ogn. Wherever possible, water molecules prefer
to be H-bonded to a second hydrophilic site and, in many cases,
this is another water molecule. Indeed, these water bridges occur
not only between two polymer sites but, more often, between
two water molecules or between one polymer site and one water
molecule. Despite the excess of hydrophilic sites on the polymer
chain, coordination to the chain is progressively less favorable
than coordination to another water at higher concentrations. Our
simulations suggest that the hypothesis of “inaccessible” hy-
drophilic sites on the polymer chain is unfounded as the
cumulative number of carbonyl and ether oxygens visited
steadily increases. Furthermore, the H-bonding network fluctu-
ates, with typical correlation times 7 being in the range of
10>—103 ps. As expected, the continuous H-bond lifetimes 7.
are much shorter, that is, <1 ps. However, up to ~10% wt water,
both 7 and 7. in Kapton are relatively insensitive to the
concentration.

Water clusters have been found to be present even at the
lowest concentrations, in agreement with certain experimental
findings. The discrepancy between the commonly used inter-
pretation of the solubility curves based on the Zimm—Lundberg
theory and the presence of clusters in the water range studied
can be explained by the geometries of the clusters. They are
clearly much closer to chains or open networks of water
molecules rather than to dense droplets.

Water solubilities have not been reported in this paper, as
initial tests with the Widom test-particle insertion method®' gave
values with very large error bars. It is thus intended to couple
this technique with the grid-search calculation.®>** This should
be the subject of a future publication, along with the analyses
of water diffusion in Kapton. Furthermore, in order to assess
whether the results presented here can be extended to other
polymers with the same type of uptake curves, similar investiga-
tions are currently being carried out on long-chain polysulfones,
for which experimental data is also available."* It would also
be interesting to study other polyimides, where it is well-known
that both chemical structure and morphology can affect water-
sorption behavior.*?
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